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T h i s  r e p o r t  d i s c u s s e s  t h e  t y p e s  of s a t e l l i t e  observat ions a t  

r a d i o  frequencies  t h a t  might be used t o  estimate t h e  d e n s i t y  of 

thunderstorms over t h e  s u r f a c e  of t h e  e a r t h .  The ob jec t  of t h e  

r e p o r t  i s  t o  consider  t h e o r e t i c a l l y  t h e  p o s s i b l e  use fu lness  of such 

obse rva t ions  r a t h e r  than t o  survey t h e  ones t h a t  have a l r eady  been 

made or  t o  o u t l i n e  t h e  d e t a i l s  of a n  optimum s y s t e m  f o r  making 

f u r t h e r  observat ions.  

I n  p a r t i c u l a r ,  a method i s  descr ibed f o r  e s t i m a t i n g  thunder- 

storm d e n s i t i e s  t h a t  does not  r equ i r e  a d i r e c t i o n a l  antenna on t h e  

s a t e l l i t e  o r  a knowledge of t h e  o r i e n t a t i o n  of t h e  s a t e l l i t e  r e l a t i v e  

t o  t h e  e a r t h .  I n  t h i s  method, the f i e l d  of view of t h e  s a t e l l i t e  i s  

l i m i t e d  by t h e  p r o p e r t i e s  of t h e  ionosphere i t s e l f ,  wi th  t h e  r e s u l t  

t h a t  t h e  s a t e l l i t e  s y s t e m  should be a r e l a t i v e l y  simple one. 

The work was performed under c o n t r a c t  NASr-21(07) d t h  t h e  

Na t iona l  Aeronautics and Space Adminis t ra t ion.  
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SUMMARY 

This  Memorandum presen t s  a t h e o r e t i c a l  c o n s i d e r a t i o n  of t h e  

r a d i o  frequencies  t h a t  might be used t o  estimate t h e  d e n s i t y  of 

thunderstorms from an a r t i f i c i a l  s a t e l l i t e ,  The w a y s  t h a t  e l e c t r o -  

magnetic r a d i a t i o n  from l i g h t n i n g  s t r o k e s  i s  propagated through the  

ionosphere are examined, and a comparison of s i g n a l - t o - n o i s e  r a t i o s  

a t  t h e  s a t e l l i t e ' s  r e c e i v e r  i s  made f o r  t h e  v a r i o u s  usab le  f requencies .  

It i s  found t h a t ,  above 400 M c ,  s i g n a l  power .from a l i g h t n i n g  

s t r o k e  w i l l  u s u a l l y  be inadequate ,  but  t h a t  a t  about 300 M c ,  w i th  

antenna ga in  of about 10, t he  s i g n a l  w i l l  probably s a t i s f a c t o r i l y  

exceed t h e  no i se .  

above the  n o i s e ,  and a d i r e c t i o n a l  antenna w i l l  no t  be needed because 

t h e  ionosphere i t s e l f  can be used t o  r e s t r i c t  t h e  f i e l d  of view. 

A t  much lower frequencies  w h i s t l e r s  are d e t e c t a b l e  by a s a t e l l i t e  

r e c e i v e r ,  bu t  t he  l o c a t i o n  o f  t h e  source l i g h t n i n g  s t r o k e  would be 

ambiguous, and t h e  s i z e  of t h e  antenna needed t o  r e s o l v e  t h i s  

ambiguity would be p r o h i b i t i v e .  

I n  t h e  6 t o  20 Mc range t h e  s i g n a l  w i l l  be w e l l  
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I. INTRODUCTION 

Recent ly  s e v e r a l  s a t e l l i t e s  have been made a v a i l a b l e  f o r  

meteorological  purposes,  pr imari ly  f o r  i n f r a r e d  and o p t i c a l  observa- 

t i o n s .  The a v a i l a b i l i t y  of t hese  satel l i tes  raises t h e  ques t ion  as 

t o  whether or  no t  t h e r e  are other  t ypes  of me teo ro log ica l  observa- 

t i o n s  which might p r o f i t a b l y  be made from a s a t e l l i t e .  

i t  seems p o s s i b l e  t h a t  some u s e f u l  d a t a  could be obtained from 

measurements a t  r a d i o  frequencies .  

I n  p a r t i c u l a r ,  

Since t h e  p re sen t  s a t e l l i t e s  weigh only a few hundred pounds 

and s i n c e  f u t u r e  s a t e l l i t e s  w i l l  probably carry a t  least  some of 

t h e  equipment t h a t  i s  c a r r i e d  a t  p r e s e n t ,  i t  seems reasonable  t o  

res t r ic t  a prel iminary d i scuss ion  such as t h i s  one t o  measurements 

t h a t  might be made wi th  equipment weighing a hundred pounds o r  less. 

Measurements such as r ada r  obse rva t ions  of t he  sea, clouds,  o r  

ionosphere,  which r e q u i r e  a t r a n s m i t t e r  and a moderately l a r g e  power 

source,  do not  seem t o  be of immediate i n t e r e s t  because of t h e  

weight of t h e  equipment t h a t  must be c a r r i e d ,  a l though they may 

u l t i m a t e l y  be important.  O f  g r e a t e r  immediate i n t e r e s t  are pass ive  

measurements t h a t  can be made with only a r e c e i v e r  and antenna,  and 

t h a t  w i l l  add l e s s  weight t o  t h e  s a t e l l i t e .  

There are s e v e r a l  d i f f e r e n t  sources  of s i g n a l s  t h a t  might be 

d e t e c t e d  by a r e c e i v e r  i n  a s a t e l l i t e .  F i r s t ,  t h e r e  are man-made 

s i g n a l s  r ece ived  from t r a n s m i t t e r s  on t h e  e a r t h .  Some of t h e s e  may 

cause unpred ic t ab le  i n t e r f e r e n c e ,  so  t h a t  measurements may have t o  be 

confined t o  r e l a t i v e l y  unused frequency bands, and i t  may be 

d e s i r a b l e  t o  use narrow-band r e c e i v e r s  t o  avoid t h e  i n t e r f e r i n g  

s i g n a l s .  Second, t h e r e  i s  no i se  of s o l a r  and cosmic o r i g i n  t h a t  

i s  not  d i r e c t l y  r e l a t e d  t o  meteorology and w i l l  t hus  be only a source 

of i n t e r f e r e n c e  i n  meteorological  measurements. Th i rd ,  anything t h a t  

abso rbs  e l ec t romagne t i c  energy a t  a p a r t i c u l a r  frequency w i l l  a l s o  

r a d i a t e  thermal n o i s e  a t  t h a t  frequency. For example, t h e  oxygen and 

water vapor i n  t h e  atmosphere w i l l  emit  r a d i o  n o i s e  i n  t h e  v i c i n i t y  

of t h e i r  abso rp t ion  bands. 

above ten-thousand megacycles. Fourth,  l i g h t n i n g  f l a s h e s  i n  

This  n o i s e  w i l l  be mostly a t  f requencies  
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thunderstorms produce strong pulses of electromagnetic energy at 

radio frequencies, usually referred to as atmospheric noise. 

number of these pulses received by a satellite would give an 

indication of thunderstorm activity in the area below the satellite, 

which might be useful meteorological information. 

of this document to investigate the possibility of measuring 

thunderstorm activity by observing such radio-frequency signals from 

a satellite. 

The 

It is the object 

. 
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11. THE SIGNAL RECEIVED BY THE SATELLITE 

To estimate t h e  s t r e n g t h  of t h e  s i g n a l  t h a t  w i l l  be rece ived  

by a s a t e l l i t e  from a l i g h t n i n g  d ischarge ,  bo th  t h e  s t r e n g t h  of 

t h e  source and t h e  e f f e c t  of t h e  pa th  of propagat ion  on t h e  s i g n a l  

must be considered.  The c h a r a c t e r i s t i c s  of  t h e  source  have been 

summarized by Watt and Maxwell. L ightn ing  d i scha rges  usua l ly  

s t a r t  w i t h  a weakly ion ized  p i l o t  streamer t h a t  t r a v e l s  from t h e  

charged cloud toward t h e  ground i n  s p u r t s  l a s t i n g  roughly 100 micro- 

seconds each. 

which las t s  about  a microsecond. T h i s  process  cont inues  u n t i l  t h e  

l eade r  reaches t h e  ground. The t i m e  dur ing  which t h i ?  process  occurs  

i s  c a l l e d  t h e  pred ischarge  per iod and i s  of  t h e  o rde r  of  a mi l l i s econd  

i n  dura t ion .  When t h e  l eade r  reaches t h e  ground t h e  main s t r o k e  

r e t u r n s  upward, producing t h e  main pu l se  of  r a d i a t e d  energy. 

Each s p u r t  i s  followed by a h igh ly  i’onized l eade r ,  

The pu l se  r a d i a t e d  by t h e  main s t r o k e  has  no sha rp  d i s c o n t i n u i t i e s ,  

and t h e  ampli tude of i t s  frequency spectrum v a r i e s  i nve r se ly  w i t h  

t h e  square  of t h e  frequency a t  s u f f i c i e n t l y  high f requencies .  The 

smaller r a d i a t e d  pulses  produced dur ing  t h e  pred ischarge  per iod  

have more pronounced d i s c o n t i n u i t i e s ,  and hence t h e  f i e l d  they  

produce has  a frequency spectrum t h a t  v a r i e s  i n v e r s e l y  wi th  t h e  

frequency. Thus even though t h e  f i e l d  a s s o c i a t e d  wi th  t h e  main 

s t r o k e  i s  s t r o n g e r  than  t h a t  a s soc ia t ed  w i t h  t h e  pred ischarge  per iod ,  

t h e r e  i s  a frequency above which t h e  ampli tude of t h e  spectrum of  t h e  

pred ischarge  pe r iod  i s  g r e a t e r  than t h a t  of t h e  main s t roke .  Th i s  

frequency i s  roughly 20 kc. Frequencies  i n  t h e  range of 20 k c  and 

below w i l l  no t  normally pene t r a t e  t h e  ionosphere ,  s o  t h a t  a s a t e l l i t e  

t h a t  f l i e s  a t  a n  a l t i t u d e  of four o r  f i v e  hundred m i l e s ,  which i s  

gene ra l ly  above t h e  r eg ion  of maximum e l e c t r o n  d e n s i t y  i n  t h e  

ionosphere,  w i l l  n o t  d e t e c t  these  f requencies  (except poss ib ly  as a 

r e s u l t  of whistler-mode propagation, which w i l l  be d iscussed  la ter) .  

It  fol lows t h a t  t h e  s i g n a l s  received from thunderstorms by a s a t e l l i t e  

w i l l  come predominantly from the  predischarge  per iod  o f  a l i g h t n i n g  

f l a s h ,  and t h e  e f f e c t i v e  frequency spectrum of t h e  source of t h e s e  
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s i g n a l s  w i l l  be one i n  which t h e  f i e l d  s t r e n g t h  i s  i n v e r s e l y  

p ropor t iona l  t o  t h e  frequency. The amplitude of t h e  r a d i a t e d  

component of t h i s  spectrum f o r  a t y p i c a l  l i g h t n i n g  f l a s h  i s  est imated 

by Watt and Maxwell t o  be about 1 / 2  vo l t /me te r  a t  a frequency of 

100 kc as de tec t ed  by a r e c e i v e r  w i th  a bandwidth of 1 kc a t  a 

d i s t a n c e  o f  l m i l e  from t h e  source.  Th i s  amplitude can be determined 

under other  cond i t ions  from the  fac t  t h a t  i t  v a r i e s  i n v e r s e l y  wi th  

the  d i s t ance  f rom t h e  source and i s  p r o p o r t i o n a l  t o  t h e  square r o o t  

o f  t h e  bandwidth of t h e  r e c e i v e r .  The a n a l y s i s  of Watt and Maxwell 

i s  not  extended t o  f requencies  above 100 kc,  bu t  t h e  measured 

v a r i a t i o n  wi th  frequency of atmospheric no i se  i n t e n s i t i e s  a t  n i g h t ,  

when ionospheric  abso rp t ion  i s  low, sugges t s  t h a t  t h e  spectrum 

descr ibed above i s  c o r r e c t  t o  t h e  h i g h e s t  f requencies  t h a t  can be 

propagated by sky-wave t ransmission,  and can be reasonably assumed 

t o  be roughly c o r r e c t  a t  a l l  f requencies  of i n t e r e s t .  (See, f o r  

example, Ref. 2 ,  p. 159 f o r  atmospheric n o i s e  d a t a . )  Such d i r e c t  

d a t a  as i s  a v a i l a b l e  on t h e  spectrum of r a d i a t i o n  from a s i n g l e  

l i g h t n i n g  s t r o k e  i s  a t  least no t  i n  s t r o n g  disagreement wi th  t h i s  

assumption. (See Ref. 3,  p.  22.)  

It remains t o  estimate t h e  propagation f a c t o r s  t h a t  may i n f l u e n c e  

t h e  s i g n a l s  a long t h e  path t o  t h e  s a t e l l i t e .  A t  f r equenc ie s  below 

10,000 Mc, t h e  c o n s t i t u e n t s  of t h e  atmosphere u s u a l l y  g ive  very l i t t l e  

abso rp t ion ,  and t h e  g r a d i e n t s  of d i e l e c t r i c  cons t an t  a r e  no t  g r e a t  

enough t o  g ive  apprec i ab le  d e f l e c t i o n  of t h e  s i g n a l  except  for  

s i g n a l s  t h a t  a r e  almost t a n g e n t i a l  t o  t h e  e a r t h .  Thus, f o r  s i g n a l s  

t h a t  make an apprec i ab le  a n g l e  w i t h  the  h o r i z o n t a l ,  as w i l l  many of 

t hose  seen by a s a t e l l i t e ,  t h e  e f f e c t s  of  t h e  e a r t h ' s  atmosphere can 

be ignored, and we need only consider  i onosphe r i c  e f f e c t s .  

The ionosphere may produce both abso rp t ion  and d e f l e c t i o n  of t h e  

electromagnet ic  pu l se .  Absorption i n  t h e  ionosphere occurs  l a r g e l y  

i n  t h e  D-region. T h i s  i s  t h e  lowest r eg ion  of t h e  ionosphere and 

i s  the  one i n  which t h e  gas d e n s i t y  i s  g r e a t e s t ,  and hence t h e  ra te  

of c o l l i s i o n  of an e l e c t r o n  w i t h  gas p a r t i c l e s  i s  a l s o  t h e  g r e a t e s t .  

These c o l l i s i o n s  absorb energy from t h e  e l ec t romagne t i c  f i e l d  and 

a t t e n u a t e  the  wave. I o n i z a t i o n  i n  t h e  D-region i s  produced by d i r e c t  



-5- 

s o l a r  r a d i a t i o n  and i s  almost nonexis tent  a t  n i g h t .  Thus apprec i ab le  

abso rp t ion  occurs only during t h e  daytime. No s i g n a l  whose frequency 

i s  below t h e  c r i t i c a l  frequency of t h e  F2  l a y e r  w i l l  pass through 

t h e  ionosphere.  During t h e  daytime, when t h e r e  i s  apprec i ab le  

abso rp t ion ,  t h i s  c r i t i c a l  frequency v a r i e s  from about 4 Mc t o  

1 0  or  11 Mc i n  t r o p i c a l  regions and i s  seldom l e s s  than 2 Mc even 

i n  t h e  p o l a r  r eg ions .  A t  t hese  frequencies  abso rp t ion  i s  gene ra l ly  

less than 10 db and i s  u s u a l l y  much less than  t h i s  and can be 

neglected.  Thus it i s  reasonable t o  assume t h a t  abso rp t ion  i s  

n e g l i g i b l e  f o r  almost any s i g n a l  t h a t  w i l l  reach t h e  s a t e l l i t e ,  and 

i t  i s  only necessary t o  determine whether t h e  s i g n a l  w i l l  p e n e t r a t e  

t h e  ionosphere or w i l l  be r e f l e c t e d  by it .  

It i s  u s u a l l y  p o s s i b l e  t o  determine whether a s i g n a l  can b e  

d e t e c t e d  by a s a t e l l i t e  without  regard f o r  t h e  magnetic f i e l d  e x i s t i n g  

i n  t h e  ionosphere. A s i g n a l  i nc iden t  v e r t i c a l l y  on t h e  ionosphere i n  

t h e  presence of a magnetic f i e l d  may be r e f l e c t e d  a t  one of  t h r e e  

d i f f e r e n t  a l t i t u d e s ,  corresponding t o  t h r e e  d i f f e r e n t  va lues  of t h e  

e l e c t r o n  dens i ty .  The middle one of t h e s e  t h r e e  l e v e l s  i s  the  one 

a t  which t h e  e l e c t r o n  d e n s i t y  i s  such t h a t  t h e  plasma frequency equals  

t h e  s i g n a l  frequency, which i s  t h e  l e v e l  a t  which r e f l e c t i o n  would 

have occurred i f  t h e r e  had been no magnetic f i e l d .  Of t h e  o the r  two 

l e v e l s ,  t h e  lower one u s u a l l y  r e f l e c t s  much more of t h e  s i g n a l  

t han  does t h e  upper one. Thus as t h e  s i g n a l  frequency i s  increased,  

t h e  h e i g h t s  of t h e s e  t h r e e  l e v e l s  of t h e  ionosphere a l s o  i n c r e a s e ,  

and t h e  p a r t  of t h e  s i g n a l  t h a t  i s  r e f l e c t e d  a t  t h e  upper l e v e l  w i l l  

be  t h e  f i r s t  t o  p a s s  through t h e  ionosphere e n t i r e l y  b u t  w i l l  u s u a l l y  

c a r r y  l i t t l e  o r  no energy through t h e  ionosphere.  Appreciable s i g n a l  

energy w i l l  be t r a n s m i t t e d  through t h e  ionosphere only when the  

frequency i s  high enough t h a t  the p a r t  of t h e  s i g n a l  t h a t  i s  r e f l e c t e d  

by t h e  middle of t h e  t h r e e  l e v e l s  can pass completely through the  

ionosphere.  T h i s  occurs a t  the same frequency a t  which s i g n a l  energy 

would have pene t r a t ed  t h e  ionosphere i f  t h e r e  had been no magnetic 

f i e l d .  

t h e  s i g n a l  t o  t h e  s a t e l l i t e  i s  t h e  same as i f  no magnetic f i e l d  

e x i s t e d ,  and t h e  d e t e c t a b i l i t y  of t h e  s i g n a l  can be determined from 

To t h i s  e x t e n t ,  t he  a b i l i t y  of t h e  ionosphere t o  t r ansmi t  
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t h e  USI 1 d a t a  f o r  p r e d i c t i n g  sky-wave propagation, i gnor ing  t h e  

e f f e c t  of t h e  magnetic f i e l d  of t h e  e a r t h .  

I f  the e f f e c t  of t h e  magnetic f i e l d  of t h e  e a r t h  i s  neg lec t ed ,  

t h e  e f f e c t i v e  r e f r a c t i v e  index of t h e  ionosphere i s  

where f i s  t he  frequency of t h e  s i g n a l  and f i s  t h e  plasma frequency, 

which depends only on t h e  l o c a l  e l e c t r o n  d e n s i t y .  I f  t h e  e a r t h  i s  

assumed t o  be f l a t ,  and t h e  e l e c t r o n  d e n s i t y  i n  the  ionosphere i s  

assumed t o  depend only on t h e  a l t i t u d e ,  and i f  cp i s  t h e  ang le  between 

the  d i r e c t i o n  of propagat ion of a wave and t h e  v e r t i c a l  as  shown i n  

F i g .  1, S n e l l ' s  law says t h a t  p, s i n  cp i s  t h e  same a t  a l l  p o i n t s  a long 

t h e  wave as i t  passes  through t h e  ionosphere.  

P 

Satellite 

Ionosphere 

\- 

a 
F i g .  1 Diagram of e l ec t romagne t i c  ray p e n e t r a t i n g  t h e  ionosphere 

I f  w e  consider  a wave s t a r t i n g  nea r  t h e  s u r f a c e  of t h e  e a r t h  a t  an an- 

g l e  cp = cpo and a t  a p o i n t  where p = 1, then  p s i n  cp = s i n  cp a l l  a long  

t h e  path of t he  wave. 

t h e  ionosphere i s  then t h a t  (p i s  always less than 90°, so  t h a t  t h e  

wave always has an upward component of motion. 

saying t h a t  s i n  cp < 1, o r  s i n  (p0/p e 1. 

t h i s  i s  equivalent  t o  s i n  cp 0 < d v ,  which impl i e s  t h a t  f i s  

0 
The c r i t e r i o n  t h a t  t h e  wave w i l l  p e n e t r a t e  

T h i s  i s  t h e  same as 

Using t h e  va lue  of CL above, 
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a lways  g r e a t e r  than f s e c  'p The maximum va lue  of f normally 

occurs i n  the  F2 l aye r  and i s  t h e  c r i t i c a l  frequency f 

l a y e r  f o r  s i g n a l s  v e r t i c a l l y  i n c i d e n t  on t h e  ionosphere.  Thus t h e  

c r i t e r i o n  t h a t  t h e  wave w i l l  p e n e t r a t e  t h e  ionosphere i s  t h a t  

f > f c  s e c  'po. 

and l o c a t i o n s  from d a t a  given i n  Ref. 2. I f  w e  denote t h e  h e i g h t  of 

t h e  s a t e l l i t e  by h ,  and t h e  d i s t ance  from t h e  source t o  t h e  s a t e l l i t e  

by r (Fig. l), and i f  t h e  source of t h e  s i g n a l  i s  assumed t o  be 

e s s e n t i a l l y  on t h e  ground, and the path of t h e  wave i s  assumed 

t o  be n e a r l y  a s t r a i g h t  l i n e ,  then sec cp 

t h a t  a s i g n a l  from a given source reaches t h e  s a t e l l i t e  i s  t h a t  

f > f c  r / h .  

s t r a i g h t  i s  v a l i d  i f  t h e  frequency observed i s  apprec i ab ly  g r e a t e r  

t han  f c  r / h .  

o f  day are given, f can be est imated and h i s  known. Then f o r  a 

given observed frequency f ,  t h e  d e t e c t a b i l i t y  of t h e  s i g n a l ,  depends 

only on t h e  d i s t a n c e  r from t h e  source t o  t h e  s a t e l l i t e .  

P 0' P 
of t h a t  

C 

The value of f c  can be e s t ima ted  a t  d i f f e r e n t  t i m e s  

= r / h ,  and the  c r i t e r i o n  0 

The assumption t h a t  t h e  path of t h e  wave i s  e s s e n t i a l l y  

When t h e  p o s i t i o n  of t h e  s a t e l l i t e  and t h e  t i m e  

C 

T h i s  s i m p l e  r e l a t i o n  between t h e  minimum d e t e c t a b l e  frequency 

and t h e  d i s t a n c e  t o  t h e  source suggests  t h a t  t h e  d i s t a n c e  t o  t h e  

thunderstorm can be determined by observing t h e  s i g n a l  a t  many 

d i f f e r e n t  f r equenc ie s ,  determining t h e  lowest frequency a t  which i t  

i s  r ece ived ,  and e s t i m a t i n g  t h e  range from t h e  r e l a t i o n  given above. 

However, i f  t h e  d i r e c t i o n  from which t h e  s i g n a l  i s  received i s  no t  

known, t h e  d i s t a n c e  t o  t h e  source does no t  determine t h e  l o c a t i o n  of 

t h e  source and may no t  be very u s e f u l  information by i t s e l f .  

more u s e f u l  r e s u l t  i s  t h a t  s i g n a l s  observed a t  one frequency must 

a l l  come from sources  w i t h i n  a c i r c l e  whose c e n t e r  i s  d i r e c t l y  below 

t h e  s a t e l l i t e  and whose r a d i u s  can be determined from t h e  above 

r e l a t i o n ,  and t h i s  f a c t  may be very u s e f u l  i n  e s t i m a t i n g  t h e  d e n s i t y  

o f  thunderstorms i n  t h e  r eg ion  below t h e  s a t e l l i t e ,  For example, 

i f  t h e  frequency observed i n  the  s a t e l l i t e  i s  1 112 times t h e  e s t ima ted  

c r i t i c a l  frequency of t h e  F2 l aye r ,  t h e  g r e a t e s t  d i s t a n c e  from which 

s i g n a l s  w i l l  be r ece ived  i s  1 112 t i m e s  t h e  a l t i t u d e  of t h e  s a t e l l i t e .  

Assuming t h e  e a r t h  t o  be f l a t ,  the sources  of t h e s e  s i g n a l s  w i l l  be 

i n  a c i r c l e  whose r a d i u s  i s  about 1.1 times t h e  a l t i t u d e  of t h e  

A 
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s a t e l l i t e ,  or about four  t o  f i v e  hundred m i l e s  f o r  t y p i c a l  o r b i t s .  

I f  t h e  measured rate a t  which s i g n a l s  are rece ived  i s  d iv ided  by t h e  

area of t h i s  c i r c l e ,  t h e  number of n o i s e  pulses  produced per  u n i t  

area per u n i t  t i m e  can be  e s t ima ted  f o r  t h e  r eg ion  beneath t h e  

s a t e l l i t e .  

The accuracy o f  such an estimate of  t h e  d e n s i t y  of  thunderstorm 

a c t i v i t y  depends on t h e  accuracy wi th  which t h e  c r i t i c a l  frequency 

of t h e  F2  layer can be es t imated .  An i n d i c a t i o n  of t h e  accuracy 

o f  t h i s  e s t ima te  can b e  ob ta ined  from d a t a  used t o  estimate sky- 

wave propagat ion c h a r a c t e r i s t i c s  between two p o i n t s  on t h e  s u r f a c e  

of  t h e  e a r t h .  I n  t h i s  d a t a  t h e  maximum usab le  frequency between 

t h e  two poin ts  i s  def ined  t o  be t h e  frequency a t  which communication 

i s  poss ib l e  50% of  t h e  t i m e ,  wh i l e  t h e  optimum working frequency i s  

def ined  t o  be the  frequency f o r  which communication i s  p o s s i b l e  90% 

of t h e  t i m e .  For t h e  F2 l a y e r ,  which i s  g e n e r a l l y  t h e  one of i n t e r e s t  

i n  t r a n s m i t t i n g  through t h e  ionosphere,  t h e  optimum working frequency 

i s  usua l ly  taken t o  be 85% of t h e  maximum u s a b l e  frequency. Th i s  

sugges ts  t h a t  i f  f i s  t h e  p red ic t ed  va lue  of t h e  c r i t i c a l  frequency 
CP 

then  t h e  a c t u a l  va lue  of f c  i s  less  than  .85  f only 10% of t h e  
f C ’  CP 
t i m e .  I f  t h e  d i s t r i b u t i o n  of f i s  even roughly symmetrical, then  

f w i l l  be  g r e a t e r  t han  1.15 f about  10% of  t h e  t i m e  a l s o ,  s o  f c  
C CP 

w i l l  be between .85 fcp and 1 .15  f 

C 

about  80% of t h e  t i m e .  
CP 

The a r e a  of t h e  c i r c l e  of  

d e t e c t a b l e  by a s a t e l l i t e  i s  

2 2  A = na2 = n ( r  -h ) = n 

f o r  a known c r i t i c a l  frequency 

r a d i u s  a from which thunderstorms are 

f . I f  t h e  p r e d i c t e d  c r i t i c a l  frequency 
C 

i s  f 

less than A2,  where 

then 80% of  t h e  t i m e  t h i s  area w i l l  be g r e a t e r  t han  A1 and CP ’ 
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, 

and 

A2 - 

2 f 

rrh2 [ (85  fc,> - 3  
I f  we somewhat a r b i t r a r i l y  determine t h e  es t imated  d e n s i t y  of thunder- 

storm a c t i v i t y  by assuming t h e  s i g n a l s  observed cane from an a r e a  

equa l  t o  ,/A,A,, then 80% of t h e  time t h e  es t imated  d e n s i t y  w i l l  be 
v I L  

i n  e r r o r  by a f a c t o r  l y ing  between AI/(% ( o r V A 7 ; )  and i t s  . -  - 
r e c i p r o c a l ,  which i s  A 2 /  A A (or A /A ). The f a c t o r  of e r r o r  

func t ions  of f / f  

w i l l  be w i t h i n  a f a c t o r  of about  1 . 7  of t h e  a c t u a l  dens i ty  80% of 

t h e  t i m e  i f  t h e  observed frequency i s  one and a h a l f  t i m e s  t h e  

p red ic t ed  c r i t i c a l  frequency. T h i s  f a c t o r  cannot be reduced apprec iab ly  

by going t o  h igher  f requencies .  I n  f a c t ,  i t  approaches t h e  va lue  

1.151.85, or 1.35, as t h e  frequency inc reases  t o  i n f i n i t y .  

i f  t h e  observed frequency i s  f a r  above t h e  c r i t i ca l  frequency the  

assumption t h a t  t h e  e a r t h  i s  f l a t  i s  no longer reasonable ,  so t h i s  

l i m i t i n g  va lue  i s  only of  i n t e r e s t  t o  show t h a t  no t  much more 

improvement i n  accuracy can be obtained by i n c r e a s i n g  t h e  r a t i o  

f / f c p  t o  much more than  1 .5  o r  2 a t  t h e  most. 

thunderstorm a c t i v i t y  may vary by a f a c t o r  o f  a thousand or  even 

t e n  thousand t o  one a t  d i f f e r e n t  po in t s  on t h e  s u r f a c e  of  t h e  e a r t h .  

For t h i s  reason,  a p o s s i b l e  e r r o r  of a f a c t o r  of  about  1 . 7  i n  

e s t i m a t i n g  t h e  amount of thunderstorm a c t i v i t y  may n o t  be important 

i n  some a p p l i c a t i o n s .  

of  very low d i r e c t i v i t y  and a n  a r b i t r a r y  o r i e n t a t i o n ,  which makes 

f o r  a r e l a t i v e l y  simple des ign  of t h e  s a t e l l i t e  system. The 

i f l  as w e l l  as t h e  va lues  V - E  of A1hh &-- and A /nh 2 a r e  p l o t t e d  as 
2 

i n  Fig.  2. It i s  seen  t h a t  t h e  es t imated  d e i s i t y  
CP 

Of course,  

Measurements of atmospheric n o i s e  suggest  t h a t  t h e  amount of 

I f  no t ,  then t h e  s a t e l l i t e  may use an  antenna 
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Fig .  2 Range of a reas  observed from a s a t e l l i t e  

80% of t h e  time as a f u n c t i o n  of s a t e l l i t e  r e c e i v e r  frequency 
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frequency observed should be about 1.5 t o  2 t imes the  p r e d i c t e d  

c r i t i c a l  frequency of t h e  F2 layer  a t  t h e  p o i n t  where t h e  s a t e l l i t e  

is .  Ii s e v e r a l  f requencies  are recorded i n  t h e  s a t e l l i t e  and t h e  

d a t a  a r e  r e l ayed  t o  t h e  e a r t h ,  the frequency t h a t  b e s t  f i t s  t h i s  

c r i t e r i o n  can be chosen and t h e  thunderstorm dens i ty  e s t ima ted  on t h e  

ground without  r e q u i r i n g  apprec i ab le  d a t a  s t o r a g e  or  computation i n  

t h e  s a t e l l i t e .  This  method of e s t i m a t i n g  the  thunderstorm d e n s i t y  is  

a l s o  s u b j e c t  t o  e r r o r  because t h e  s i g n a l s  coming from the  edge of t h e  

c i rc le  of obse rva t ion  do not t r a v e l  t o  t h e  s a t e l l i t e  i n  a s t r a i g h t  

l i n e .  The amount of t h i s  e r r o r  could be e s t ima ted  from a d e t a i l e d  

a n a l y s i s  of pa ths  followed by these  s i g n a l s  as they t r a v e r s e  t y p i c a l  

ionosphere e l e c t r o n  d i s t r i b u t i o n s ,  b u t  t h i s  w i l l  not be attempted 

h e r e .  

I f  g r e a t e r  accuracy i s  des i r ed  i t  w i l l  be necessary t o  l i m i t  

t h e  f i e l d  of view by t h e  u s e  of a d i r e c t i o n a l  antenna. Although i t  

may no t  be d i f f i c u l t  t o  c a r r y  t h e  r equ i r ed  antenna on a sa te l l i t e ,  

t h e  use of such an  antenna w i l l  r e q u i r e  t h a t  t he  s a t e l l i t e  be o r i e n t e d  

properly s o  t h a t  t h e  antenna w i l l  be pointed downwards. This  w i l l  

add cons ide rab le  complexity t o  the e n t i r e  s a t e l l i t e  system. I f  

such a system i s  used, i t  w i l l  be d e s i r a b l e  t o  observe a t  a much 

higher  frequency than  would be used i f  t h e  ionosphere i s  t o  c o n t r o l  

t h e  f i e l d  of view, p a r t l y  because d i r e c t i o n a l  antennas are sma l l e r  

and l i g h t e r  a t  h ighe r  f r equenc ie s ,  and p a r t l y  because t h e  use of a 

higher  frequency w i l l  decrease any e r r o r s  i n c u r r e d  from t h e  f a c t  

t h a t  t h e  path of propagation through t h e  ionosphere i s  no t  a s t r a i g h t  

l i n e .  Since t h e  i n t e n s i t y  of t h e  s i g n a l  from a l i g h t n i n g  s t r o k e  

dec reases  w i t h  i n c r e a s i n g  frequency, t h e  upper l i m i t  t o  t h e  u s a b l e  

frequency w i l l  be  determined by the s i g n a l - t o - n o i s e  r a t i o  i n  t h e  

r e c e i v e r .  For t h i s  reason the noise  l e v e l s  encountered by a 

r e c e i v e r  i n  a s a t e l l i t e  w i l l  now be considered. 
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111. THE NOISE RECEIVED BY THE SATELLITE 

The types of i n t e r f e r i n g  s i g n a l s  t h a t  w i l l  a f f e c t  a r e c e i v e r  

on a s a t e l l i t e  and compete wi th  t h e  s i g n a l  from t h e  l i g h t n i n g  f l a s h  

are mentioned i n  t h e  I n t r o d u c t i o n .  Some e s t i m a t e s  of t h e i r  i n t e n s i t i e s  

have been compiled i n  R e f .  4 .  

poss ib l e  t o  choose t h e  observed frequency and bandwidth s o  t h a t  man- 

made s i g n a l s  w i l l  seldom be d e t e c t e d ,  or  t h a t  such s i g n a l s  can be 

d i sc r imina ted  a g a i n s t  because of t h e i r  waveform, which does no t  

u s u a l l y  have t h e  impulsive n a t u r e  of s i g n a l s  generated by thunder- 

storms, Thus t h e  only i n t e r f e r i n g  s i g n a l s  are r e c e i v e r  n o i s e ,  n o i s e  

of s o l a r  and cosmic o r i g i n ,  and n o i s e  produced by abso rb ing  r eg ions ,  

p r imar i ly  by thermal e x c i t a t i o n  of oxygen and water vapor i n  t h e  

atmosphere. 

It  w i l l  be  assumed h e r e  t h a t  i t  i s  

The r e c e i v e r - n o i s e  power i s  roughly equa l  t o  kTB, where k i s  

Boltzmann's cons t an t ,  T t h e  a b s o l u t e  temperature  of t h e  r e c e i v e r ,  

and B t he  bandwidth of t h e  r e c e i v e r .  It i s  customary t o  assume t h a t  

T i s  about 29OoK. The a c t u a l  temperature  of a r e c e i v e r  i n  space may 

be considerably less than  t h i s ,  and t h e  use of low-noise i n p u t  

c i r c u i t s  may f u r t h e r  reduce t h e  e f f e c t i v e  temperature t o  as l i t t l e  

as h a l f  of t h i s  va lue  without  g r e a t l y  i n c r e a s i n g  t h e  complexity of 

t h e  r ece ive r .  However, r e c e i v e r  n o i s e  generated a t  p o i n t s  a f t e r  t h e  

i n p u t  c i r c u i t  tends t o  i n c r e a s e  t h e  t o t a l  e f f e c t i v e  n o i s e  l e v e l  t o  a 

v a l u e  g r e a t e r  than t h a t  a s s o c i a t e d  w i t h  t h e  a c t u a l  temperature of 

t h e  r ece ive r .  I t  seems u n l i k e l y  t h a t  a l l  of t h e s e  c o n s i d e r a t i o n s  

w i l l  change t h e  t o t a l  e f f e c t i v e  r e c e i v e r  n o i s e  by much more than  a 

f a c t o r  of two. S ince  t h i s  i s  n o t  enough t o  be very important i n  t h e  

p re sen t  a n a l y s i s ,  t h e  r e c e i v e r  n o i s e  w i l l  be assumed t o  be kTB, where 

T i s  taken t o  be 29OoK, and B w i l l  be taken t o  be 1000 cps.  

of a bandwidth t h i s  narrow w i l l  h e l p  t o  e l i m i n a t e  man-made i n t e r -  

f e rence .  For t h e s e  va lues  of T and B t h e  e f f e c t i v e  r e c e i v e r  n o i s e  a t  

t h e  input t o  the  r e c e i v e r  i s  4.0 W. 

The use 

Solar  no i se  i s  thermal r a d i a t i o n  from t h e  sun and can a l s o  be 

approximated by t h e  expres s ion  kTB i f  T i s  chosen t o  be t h e  tempera- 

t u r e  of  t h e  p a r t  of t h e  sun from which t h e  r a d i a t i o n  i s  be ing  



-13- 

received.  However, t h i s  estimate is  only v a l i d  i f  t h e  e n t i r e  f i e l d  

of view of t h e  antenna i s  f i l l e d  with material  r a d i a t i n g  a t  t h i s  

temperature.  

n e a r l y  n o n d i r e c t i o n a l  or  be a d i r e c t i o n a l  antenna t h a t  i s  aimed 

downward and r e c e i v e s  s i g n a l s  from t h e  sun only through backlobes 

whose maximum g a i n  i s  no t  o f t e n  more than  t h e  g a i n  of a n  i s o t r o p i c  

antenna. Thus f o r  t h e  accuracy needed h e r e ,  t h e  n o i s e  i n  t h e  r e c e i v e r  

w i l l  be less than  t h e  va lue  kTB by a f a c t o r  equa l  t o  t h e  r a t i o  of 

t h e  s o l i d  a n g l e  f i l l e d  by t h e  sun t o  ~ T T ,  which i s  t h e  t o t a l  s o l i d  

ang le  observed by a n e a r l y  i s o t r o p i c  antenna. The e f f e c t i v e  angular  

diameter  of t h e  sun depends on t h e  frequency a t  which i t  i s  observed 

b u t  i s  never much more than 1 . Using t h i s  angu la r  diameter t h e  

s o l a r  n o i s e  r ece ived  by t h e  r ece ive r  i s  about 1 . 9  * 10 kTB. The 

e f f e c t i v e  temperature of t h e  sun a t  t h e  f r equenc ie s  of i n t e r e s t  i s  

about  10 degrees K ,  so  t h e  s o l a r  no i se  r ece ived  by t h e  r e c e i v e r  w i l l  be 

roughly t h e  same as t h e  i n t e r n a l  no i se  t h a t  would be produced i n  

t h e  r e c e i v e r  i f  i t s  i n p u t  c i r c u i t r y  were a t  a temperature  of about 

19OK. 

and t h e  two t o g e t h e r  should be l e s s  t han  W. T h i s  va lue  is 

i n d i c a t e d  i n  Fig.  3. The s o l a r  no i se  e s t ima ted  h e r e  i s  f o r  a q u i e t  

sun and may occas iona l ly  i n c r e a s e  cons ide rab ly  i f  t h e  sun i s  

d i s tu rbed .  

The s a t e l l i t e  antenna considered h e r e  w i l l  e i t h e r  be 

0 

-5  

6 

Thus t h e  s o l a r  n o i s e  i s  much less than  t h e  r e c e i v e r  n o i s e ,  

Cosmic n o i s e  d a t a  i s  a l s o  given i n  Ref. 4 .  Cosmic n o i s e  i s  

s t r o n g e s t  from t h e  d i r e c t i o n  of the c e n t e r  of t h e  galaxy, less 

i n t e n s e  from t h e  d i s c  of t h e  galaxy, and l e a s t  i n t e n s e  from t h e  

r eg ions  o u t s i d e  of t h e  d i s c  of the galaxy. When viewed wi th  a 

n e a r l y  i s o t r o p i c  antenna or  w i th  t h e  backlobes of a d i r e c t i o n a l  

antenna,  t h e  t o t a l  r ece ived  noise  w i l l  be about  equa l  t o  t h e  average 

n o i s e  a r r i v i n g  from a l l  d i r e c t i o n s .  Using t h e  maps given i n  R e f .  4 

showing cosmic n o i s e  i n t e n s i t i e s  from d i f f e r e n t  p a r t s  of t h e  sky a t  

d i f f e r e n t  f r equenc ie s ,  e s t ima tes  have been made of t h e  average n o i s e  

from a l l  d i r e c t i o n s .  It i s  found t h a t  s i n c e  t h e  d i s c  of t h e  galaxy 

occupies  only a small p a r t  of the sky t h e  average n o i s e  i s  g r e a t e r  

t han  t h e  minimum n o i s e  by a f a c t o r  of only about  1 .5  t o  2. Since 

h a l f  of t h e  sky i s  screened by the e a r t h  and i s  no t  v i s i b l e ,  t h e  
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r ece ived  n o i s e  w i l l  be l e s s  t han  the average n o i s e  by a f a c t o r  of 

two. Combining t h e s e  two f a c t o r s  shows t h a t  a r e a s o n a b l e  estimate 

of  t h e  r ece ived  n o i s e  i s  t h a t  i t  i s  roughly equa l  t o  t h e  minimum 

n o i s e  received from any one d i r e c t i o n .  A curve of t h i s  minimum 

n o i s e  i n  a 1000-cycle bandwidth i s  p l o t t e d  as a func t ion  o f  frequency 

i n  Ref. 4 and i s  reproduced i n  Fig.  3. 

Noise produced by the  oxygen and water vapor i n  t h e  atmosphere 

has a l s o  been e s t ima ted  i n  Ref. 4 ,  and it i s  shown t o  be w e l l  below 

t h e  r e c e i v e r  n o i s e  l e v e l s  considered h e r e  a t  any frequency below 

10,000 Mc. For t h i s  reason i t  w i l l  be ignored he re .  

The s i g n a l  t o  be expected has been desc r ibed  i n  S e c t i o n  11. The 

f i e l d  s t r e n g t h  i n c i d e n t  on t h e  antenna i s  roughly 1 / 2  vo l t /me te r  i n  

a 1 kc band a t  a c e n t e r  frequency of 100 k c  and a t  a d i s t a n c e  of 

1 m i l e  from t h e  source.  I f  t h e  s a t e l l i t e  a l t i t u d e  i s  about t h r e e  or 

four hundred mi l e s ,  t h e  d i s t a n c e  of t h e  s a t e l l i t e  from t h e  source 

may be about f i v e  hundred miles, and t h e  f i e l d  s t r e n g t h  a t  t h i s  

d i s t a n c e  w i l l  be  less than  t h a t  a t  1 m i l e  by a f a c t o r  of 500 and so  

w i l l  be about 1 mv/m. 

square of t h e  f i e l d  s t r e n g t h  divided by t h e  c h a r a c t e r i s t i c  

impedance of space ( 1 2 0 ~  ohms i n  mks u n i t s )  and m u l t i p l i e d  by t h e  

e f f e c t i v e  antenna a p e r t u r e .  The a p e r t u r e  of t h e  antenna i s  h /4n 

t i m e s  t h e  ga in  of t h e  antenna, where X i s  t h e  wavelength. 

A =  3000 m, so  i f  t h e  antenna i s  i s o t r o p i c  and has  a ga in  of one, 

t h e  r e c e i v e r  power i n  a 1 kc  band w i l l  be about 1 .9  mW. Since  a t  

f r equenc ie s  above 100 k c  t h e  f i e l d  s t r e n g t h  i s  assumed t o  vary 

i n v e r s e l y  with t h e  frequency, and s i n c e  wavelength a l s o  v a r i e s  

i n v e r s e l y  wi th  frequency, t h e  received power w i l l  vary 

i n v e r s e l y  as t h e  f o u r t h  power of t h e  frequency. I t s  a c t u a l  va lue  i s  

shown i n  Fig.  3. If  t h e  r ece iv ing  antenna has  an  a p p r e c i a b l e  gain 

i n  t h e  d i r e c t i o n  of t h e  thunderstorm, t h e  r ece ived  s i g n a l  power i s  

t h e  va lue  given i n  Fig.  3 m u l t i p l i e d  by t h e  ga in  of t h e  antenna. 

It i s  seen from Fig. 3 t h a t  cosmic n o i s e  w i l l  never be a 

l i m i t i n g  f a c t o r  i n  r e c e p t i o n  and can u s u a l l y  be ignored ,  bu t  t h a t  

t h e  average s i g n a l  power w i l l  be g r e a t e r  t han  t h e  r e c e i v e r  and s o l a r  

n o i s e  only a t  f requencies  below 400 Mc. 

r a d i a t e d  from l i g h t n i n g  s t r o k e s  vary over a range of a t  least  10 t o  1, 

The power d e l i v e r e d  t o  t h e  r e c e i v e r  i s  t h e  

2 

A t  100 kc, 

The ampli tudes of s i g n a l s  
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so t h e  weaker s t r o k e s  w i l l  be d e t e c t a b l e  only i f  t he  average s i g -  

n a l  i s  a t  l e a s t  t h r e e  t i m e s  t h e  minimum d e t e c t a b l e  s i g n a l .  Fur- 

thermore, f o r  r e l i a b l e  d e t e c t i o n  of a l l  s t r o k e s ,  t h e  amplitude 

of t h e  s i g n a l  should be somewhat g r e a t e r  t han  t h a t  of t h e  n o i s e .  

Thus the average s i g n a l  amplitude should be a t  least  f i v e  t i m e s  t h a t  

of t h e  n o i s e ,  and t h e  minimum accep tab le  power s igna l - to -no i se  r a t i o  

i s  about 25. 

The a c t u a l  s i g n a l  w i l l  be g r e a t e r  than t h e  one shown i n  F ig .  3 

by t h e  antenna gain.  

d i r e c t i o n s  w i t h i n  t h e  cone whose a x i s  i s  v e r t i c a l  and whose h a l f  

a n g l e  i s  30' and had a gain of ze ro  elsewhere,  i t s  g a i n  w i t h i n  t h i s  

cone would be about 15. Thus if an  a p p r e c i a b l e  a r e a  below t h e  

s a t e l l i t e  i s  t o  be s t u d i e d  t h e  antenna g a i n  w i l l  probably be about 

10 o r  20. 

equal  t o  i t s  e f f e c t i v e  a p e r t u r e  i f  t h e  antenna i s  a p a r a b o l i c  r e f l e c t o r  

f ed  a t  i t s  focus o r  a broadside array w i t h  a f l a t  r e f l e c t o r  behind it .  

T h i s  e f f e c t i v e  a p e r t u r e  i s  X /4n t i m e s  t h e  ga in ,  or  roughly h2 f o r  

ga ins  of t h e  s i z e  considered above. I f  t h e  system were t o  ope ra t e  a t  

300 M c ,  where t h e  wavelength i s  one meter, t h e  antenna area would be 

only about a square meter. 

r e f l e c t o r  one meter on a s i d e  wi th  four  half-wave doublet  antennas 

i n  f r o n t  of i t  would g ive  roughly t h e  d e s i r e d  r e s u l t  and could be 

l i g h t  enough and compact enough t o  be p r a c t i c a l  on a s a t e l l i t e .  

such an  antenna had a g a i n  of 10, i t  i s  seen from Fig.  3 t h a t  t h e  

average s igna l - to -no i se  r a t i o  a t  300 Mc would be about 25, which i s  

an accep tab le  r a t i o  on t h e  b a s i s  of t h e  d i s c u s s i o n  i n  the  previous 

paragraph. 

I f  t h e  antenna had a uniform ga in  i n  a l l  

The phys ica l  s i z e  of such an  antenna w i l l  be about  

2 

An antenna composed of a f l a t  square 

I f  

These r e s u l t s  suggest  t h a t  a s a t e l l i t e  observing thunderstorms 

should use a frequency of about 300 Mc o r  less. I f  an  extremely low- 

n o i s e  r ece ive r  were used, t h e  e f f e c t i v e  n o i s e  temperature  of t h e  

r e c e i v e r  might be reduced t o  as l i t t l e  as t h e  va lue  of 19 K a s s o c i a t e d  

with s o l a r  no i se .  Then t h e  combined r e c e i v e r  and s o l a r  n o i s e  might 

b e  reduced t o  a value of about 5 

Th i s  i s  l e s s  than t h e  va lue  of 1 O - l '  w shown i n  Fig.  3 by a 

0 

10"' W i n  a 1 kc  bandwidth. 
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f a c t o r  of 20. The maximum poss ib l e  d e t e c t i o n  frequency then  i n c r e a s e s  

by a f a c t o r  of ‘w, o r  about 2. Thus t h e  maximum usab le  frequency 

might be inc reased  t o  s i x  o r  seven hundred megacycles. Although t h i s  

w i l l  decrease t h e  dimensions of the antenna t o  h a l f  of t h e i r  o r i g i n a l  

va lues ,  i t  w i l l  app rec i ab ly  inc rease  t h e  complexity of t h e  r e c e i v e r ,  

s i n c e  a maser a m p l i f i e r  would be needed. It i s  n o t  c l e a r  t h a t  t h e  

o v e r - a l l  s y s t e m  would be s i m p l i f i e d  by such a change, 

I n c r e a s i n g  t h e  d e t e c t i o n  frequency above about 300 Mc s t i l l  

f u r t h e r  i n c r e a s e s  t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  shape of t h e  

frequency spectrum of t h e  i n c i d e n t  f i e l d  s t r e n g t h ,  which has  been 

assumed t o  vary i n v e r s e l y  with the  frequency. Data given i n  Ref. 3 

show a wide spread i n  t h e  measured va lues  of t h i s  spectrum, and t h e  

d a t a  are s t i l l  t oo  s p a r s e  t o  prove or  disprove t h e  assumption made 

h e r e .  More measurements of t h i s  spectrum should be made b e f o r e  any 

f i rm conclusions are drawn about t he  maximum al lowable d e t e c t i o n  

frequency. I n  t h e  meantime, 300 Mc seems a no t  unreasonable value.  
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I V .  THE POSSIBLE USE OF WHISTLER-MODE PROPAGATION 

The a n a l y s i s  above i s  based on t h e  use of t h e  u s u a l  i onosphe r i c  

propagation mode, which i s  t h e  only mode t h a t  can e x i s t  i n  t h e  absence 

of a magnetic f i e l d .  As mentioned above, t h e  presence of t h e  magnetic 

f i e l d  o f  t h e  e a r t h  may modify t h e  propagat ion c h a r a c t e r i s t i c s  of t h i s  

mode, b u t  t he  e f f e c t  i s  no t  u s u a l l y  g r e a t  enough t o  be s i g n i f i c a n t .  

However, t h e  presence of t h e  magnetic f i e l d  might s t i l l  be important ,  

because it makes p o s s i b l e  another  completely d i f f e r e n t  mode of 

propagation u s u a l l y  c a l l e d  t h e  w h i s t l e r  mode. S i g n a l s  t r a v e l i n g  

by t h i s  mode can t r a v e l  through t h e  ionosphere a t  f r equenc ie s  far 

below the c r i t i c a l  frequency of t h e  u s u a l  i onosphe r i c  mode. I n  f a c t ,  

whistler-mode s i g n a l s  can o f t e n  be d e t e c t e d  by connect ing t h e  antenna 

d i r e c t l y  t o  an audio a m p l i f i e r  and l i s t e n i n g  t o  t h e  n o t e  produced 

a t  aud ib le  f requencies .  I n  whistler-mode propagat ion t h e  h ighe r  

f requencies  u s u a l l y  t r a v e l  more r a p i d l y  than  t h e  lower ones wi th  t h e  

r e s u l t  t h a t  t h e  high-frequency components from a remote l i g h t n i n g  

f l a s h  are r ece ived  be fo re  t h e  lower-frequency components, and t h e  

a u d i b l e  no te  i s  a descending w h i s t l e ,  g iv ing  r ise  t o  t h e  name of t h e  

w h i s t l e r  mode. I n  t h e  w h i s t l e r  mode s i g n a l s  can propagate only a t  

f requencies  t h a t  are lower than  both t h e  plasma frequency and t h e  gyro- 

frequency of e l e c t r o n s  i n  the  magnetic f i e l d .  Thus whistler-mode 

s i g n a l s  cannot p e n e t r a t e  t h e  ionosphere a t  f r equenc ie s  above t h e  

c r i t i c a l  frequency of t h e  ionosphere and, t h e r e f o r e ,  cannot g ive  

r i s e  t o  any s i g n a l s  t h a t  might i n t e r f e r e  wi th  s i g n a l s  propagated 

through t h e  ionosphere by t h e  usua l  i onosphe r i c  mode. However, i f  

t he  s a t e l l i t e  d e t e c t s  f r equenc ie s  less than  t h e  c r i t i c a l  frequency 

and a l s o  l e s s  than t h e  gyro-frequency (which v a r i e s  from about 0.8 

t o  2 Mc a t  t h e  s u r f a c e  of t h e  e a r t h ) ,  i t  could d e t e c t  thunderstorms 

by use of whistler-mode propagation. 

For t h e  p re sen t  purposes one of t h e  most important  f e a t u r e s  of 

whistler-mode propagation i s  t h a t  t h e  s i g n a l  tends t o  t r a v e l  a long 

the  d i r e c t i o n  of t he  magnetic f i e l d .  Th i s  occurs  because t h e  

c r i t e r i o n  t h a t  determines whether or  n o t  a s i g n a l  w i l l  propagate  

a long  a given path depends upon t h e  a n g l e  between t h e  d i r e c t i o n  of 
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propagat ion and t h e  magnetic f i e l d  as w e l l  as upon t h e  e l e c t r o n  

d e n s i t y .  Propagation i s  p o s s i b l e  only i f  t h i s  ang le  i s  less than  

some maximum value.  When t h e  frequency i s  much less than t h e  

gyro-frequency (and t h e  e f f e c t  of p o s i t i v e  ions  i s  neg lec t ed )  

propagat ion w i l l  occur only i f  t h e  a n g l e  between t h e  r ay  and t h e  

magnetic f i e l d  i s  less than about 20'. 

f requencies ,  t h e  maximum al lowable va lue  of t h i s  ang le  i s  lower, 

having a va lue  of about 11 when the frequency i s  about 20% of t h e  

gyro-frequency. A t  s t i l l  higher  f requencies  t h e  maximum va lue  of 

t h i s  ang le  i s  aga in  p rogres s ive ly  h ighe r ,  and a t  f requencies  c l o s e  

t o  t h e  gyro-frequency, a l l  d i r e c t i o n s  of t h e  r a y  are poss ib l e .  A t  

f r equenc ie s  above t h e  gyro-frequency whistler-mode propagat ion i s  

no t  poss ib l e .  

or  less, t h e  frequency may be of the same orde r  as t h e  gyro-frequency 

of t h e  p o s i t i v e  ions ,  and t h e s e  may a f f e c t  t h e  propagat ion 

c h a r a c t e r i s t i c s .  Here a g a i n  a l l  d i r e c t i o n s  of propagation become 

p o s s i b l e .  

A t  success ive ly  h ighe r  

0 

A t  very low frequencies ,  of t h e  order  of 1000 c y c l e s / s e c  

The r e s u l t s  j u s t  o u t l i n e d  hold f o r  a homogeneous e l e c t r o n  

d i s t r i b u t i o n .  However, s i n c e  charged p a r t i c l e s  i n  a magnetic f i e l d  

tend t o  s p i r a l  a long t h e  f i e l d  l i n e s ,  t h e  e l e c t r o n  d i s t r i b u t i o n  i s  

more l i k e l y  t o  be n e a r l y  homogeneous a long  t h e  f i e l d  l i n e s  than  it i s  

i n  d i r e c t i o n s  perpendicular  t o  the magnetic f i e l d .  Inhomogeneities 

a l i g n e d  wi th  t h e  magnetic f i e l d  tend t o  act  as duc t s  t h a t  w i l l  

con f ine  t h e  f i e l d  by t o t a l  i n t e r n a l  r e f l e c t i o n .  Th i s  e f f e c t  f u r t h e r  

i n c r e a s e s  t h e  tendency of whistler-mode s i g n a l s  t o  t r a v e l  a long  t h e  

magnetic f i e l d .  

As a r e s u l t  of t h i s  tendency, a s i g n a l  r ece ived  by a s a t e l l i t e  

a t  a frequency t h a t  l i e s  i n  t h e  band i n  which w h i s t l e r  propagat ion 

i s  p o s s i b l e  w i l l  u s u a l l y  have come from one o f  t h e  two areas on t h e  

e a r t h  a t  which t h e  magnetic f i e l d  l i n e  through t h e  s a t e l l i t e  i n t e r -  

sects t h e  s u r f a c e  of t h e  e a r t h .  Th i s  means t h a t  s i g n a l s  from t h e  

e q u a t o r i a l  r eg ions ,  where thunderstorm a c t i v i t y  i s  t h e  g r e a t e s t ,  may 

o f t e n  be impossible  t o  d e t e c t  from a sa t e l l i t e .  I f  t h e  frequency 

observed i s  very low (of t h e  order of 1000 c y c l e s / s e c  o r  less) o r  i s  

n e a r l y  equa l  t o  t h e  e l e c t r o n  gyro-frequency, t h e  path o f  t h e  s i g n a l  
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i s  less l i k e l y  t o  fol low t h e  magnet ic  f i e l d  l i n e s ,  and s i g n a l s  from 

e q u a t o r i a l  sources  may be  more e a s i l y  d e t e c t a b l e ,  However, even i n  

t h i s  s i t u a t i o n ,  t h e  source  might be loca t ed  anywhere i n  a very  wide 

area, and a d i r e c t i o n a l  antenna i s  s t i l l  d e s i r a b l e  t o  determine i t s  

loca t ion  more exac t ly .  When t h e  source  i s  no t  near  t h e  Equator ,  t h e  

s i g n a l  can be  de t ec t ed  by whistler-mode propagat ion  t h a t  fo l lows  t h e  

magnetic f i e l d  l i n e s ,  bu t  i t  w i l l  n o t  always be p o s s i b l e  t o  determine 

whether t h e  source i s  i n  t h e  Northern o r  t h e  Southern Hemisphere 

un le s s  a proper ly  o r i e n t e d  d i r e c t i o n a l  antenna i s  used on t h e  

s a t e l l i t e .  Any frequency a t  which whist ler-mode propagat ion can 

occur w i l l  be  less than  t h e  maximum e l e c t r o n  gyro-frequency of about  

2 M c ,  s o  t h a t  t h e  wavelength a s s o c i a t e d  w i t h  such a frequency w i l l  

b e  150 meters o r  more. A t  t h e s e  wavelengths ,  even a moderately 

d i r e c t i o n a l  antenna would have a dimension of a t  least  150 meters i n  

each d i r e c t i o n .  Such a n  antenna seems completely unreasonable  f o r  

any s a t e l l i t e  t h a t  might be a v a i l a b l e  i n  t h e  near  fu tu re .  For t h i s  

reason  t h e  use of whistler-mode propagat ion  f o r  observ ing  thunder-  

s torm a c t i v i t y  from a s a t e l l i t e  w i l l  n o t  be  d i scussed  f u r t h e r ,  
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V. CONCLUSIONS 

It i s  concluded t h a t  i t  should not  be d i f f i c u l t  t o  e s t i m a t e  

t h e  amount of thunderstorm a c t i v i t y  by measuring t h e  radio-frequency 

r a d i a t i o n  from s t r o k e s  of l i g h t n i n g  wi th  equipment loca t ed  on a 

s a t e l l i t e .  The b e s t  f requencies  for  d e t e c t i n g  these  s i g n a l s  appear 

t o  be e i t h e r  i n  t h e  range of about 1 .5  t o  2 t i m e s  t h e  c r i t i c a l  

frequency of t h e  F2 layer (an ope ra t ing  frequency i n  t h e  range of 

about  6 t o  20 Mc) o r  a t  a higher  frequency of about 300 Mc. 

For ope ra t ion  a t  a frequency of 1 .5  t o  2 times t h e  F2 c r i t i c a l  

frequency, i t  seems reasonable  t h a t  several  d i f f e r e n t  f r equenc ie s  i n  

t h e  range of 6 t o  20 Mc should be de t ec t ed  by t h e  s a t e l l i t e ' s  

r e c e i v e r .  The observed d a t a  would be r e l ayed  t o  t h e  ground, where 

t h e  frequency t h a t  comes c l o s e s t  t o  d e s i r e d  range of about 1 . 5  t o  2 

t imes t h e  p red ic t ed  F2 c r i t i c a l  frequency a t  t h e  po in t  of obse rva t ion  

would be used t o  e s t i m a t e  t h e  thunderstorm a c t i v i t y .  I n  t h i s  way t h e  

ionosphere i t s e l f  can be used t o  l i m i t  t h e  f i e l d  of obse rva t ion  wi th  

t h e  r e s u l t  t h a t  a very simple antenna can be used on t h e  s a t e l l i t e ,  

and t h e  o r i e n t a t i o n  of t h e  s a t e l l i t e  need not  be c o n t r o l l e d .  The 

disadvantage of t h i s  system i s  t h a t  t h e  accuracy of t h e  r e s u l t  

depends on t h e  accuracy wi th  which t h e  p r o p e r t i e s  of t h e  ionosphere 

can be est imated.  Thus t h e  r e s u l t  may sometimes be i n  e r r o r  by a 

f a c t o r  of as much as 2. Th i s  e r r o r  may not  a lways  b e  important ,  but  

i t  must be considered. 

For o p e r a t i o n  a t  t h e  h ighe r  frequency of about 300 M c  t h e  

s a t e l l i t e  should use a d i r e c t i o n a l  antenna and must then be p rope r ly  

o r i e n t e d  so  t h a t  t h e  antenna i s  pointed downward, which w i l l  increase 

t h e  complexity of t h e  sys t em.  On t h e  o t h e r  hand the r e s u l t i n g  

e s t i m a t e s  of thunderstorm a c t i v i t y  w i l l  be e s s e n t i a l l y  independent 

o f  any knowledge about t he  ionosphere and f o r  t h i s  reason should be 

a l i t t l e  more r e l i a b l e  than t h e  e s t ima tes  made a t  lower f r equenc ie s .  

The f e a s i b i l i t y  of making such e s t ima tes  a t  t h i s  frequency depends 

upon t h e  frequency spectrum of a l i g h t n i n g  s t r o k e  up t o  f r equenc ie s  

of s e v e r a l  hundred megacycles. This should be f u r t h e r  i n v e s t i g a t e d  

experimental ly .  Add i t iona l  d a t a  might apprec i ab ly  decrease t h e  

maximum d e s i r a b l e  ope ra t ing  frequency. 
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